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ABSTRACT 
 
ATP synthases utilize a proton motive force to synthesize ATP. In reverse, these membrane-embedded enzymes can also 
hydrolyze ATP to pump protons over the membrane. To prevent wasteful of ATP hydrolysis, distinct control mechanisms 
exist for ATP synthases in bacteria, archaea, chloroplasts and mitochondria. Single-molecule Förster resonance energy 
transfer demonstrated that the C-terminus of rotary subunit  in Escherichia coli changes its conformation to block ATP 
hydrolysis. Previously, we investigate the related conformational changes of subunit F of the A1AO-ATP synthase from 
the archaeon Methanosarcina mazei Gö1. Here, we analyzed the lifetimes of fluorescence donor and acceptor dyes to 
distinguish between signals and potential artefacts. 
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1. INTRODUCTION 
 
Single-molecule Förster resonance energy transfer (smFRET) is a powerful tool to measure inter-domain motions in 
proteins, for example the rotary motion of subunits in F1FO-ATP synthase1-11. Different sites of a protein can be labeled 
specifically with a donor and an acceptor fluorophore. Exciting the donor fluorophore may result in energy transfer to the 
nearby acceptor dye. According to T. Förster12-14 the energy transfer efficiency between a donor and an acceptor 
fluorophore depends on several factors, e.g. the distance, the transition dipole moment orientations, the fluorescence 
quantum yield, the fluorescence lifetime of the donor or quenching processes of the fluorophores by the local environment. 
The donor excited state lifetime of a FRET-labeled protein depends on two competing radiative processes beside non-
radiative decay pathways, i.e. the fluorescence decay and the energy transfer in the presence of an acceptor dye. Therefore, 
the fluorescence lifetime of the donor is expected to decrease in the presence of an acceptor due to FRET. On the other 
hand, the acceptor fluorescence lifetime remains unchanged when compared to the lifetime of the acceptor dye via direct 
excitation. Measuring the fluorescence lifetime of the donor fluorophore can serve as an independent control for FRET in 
cuvette-based experiments or in confocal microscopy of single molecules. 
 
Here, we investigated the cytoplasmic domain of A-ATP synthase from the archeon Methanosarcina mazei Gö1 (M. mazei 
Gö1) and analyzed the fluorescence lifetime changes related to smFRET. The A-ATP synthase consists of a membrane-
embedded, proton conducting AO portion and a soluble A1 portion that uses the energy generated by a transmembrane 
electrochemical potential of H+/Na+ to synthesize ATP from ADP and Pi15,16. Our soluble protein complex comprised 
subunits A3B3DF of the A1 portion (Fig. 1A) that can only function in the direction of ATP hydrolysis and is incapable of 
synthesizing ATP. Subunits D and F form a central stalk that connects the A1 portion with the AO portion in the complete 
enzyme17,18. The tip of subunit D forms a coiled-coil fold that inserts into the hexagonal A3B3-headpiece17,19. Together with 
subunit F it serves as a rotating nanomotor that moves in 120° steps20 driven by ATP hydrolysis in the three nucleotide-
binding sites formed by the interface of three pairs of subunits A and B.  
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During ATP hydrolysis the flexible C-terminal domain (CTD) of subunit F is believed to move up and down21,22. Recently, 
we measured the conformational change of the CTD in relation to subunit D by smFRET23, whereby a cysteine at the 
bottom of subunit D (DA71C) was labeled with the FRET donor fluorophore Atto488, and a second cysteine in the CTD of 
subunit F (FL87C) was labeled with the FRET acceptor fluorophore Atto647N. We observed changes of the FRET efficiency 
in single A3B3DF complexes in the presence of Mg-ATP. Here, we investigated the donor and acceptor lifetimes in single 
A3B3DF molecules to reveal the conformational changes as indicated by the intensity-based smFRET analysis. 
 
 
 
Figure 1: A) Model of the A3B3DF complex of A1AO-ATP synthase from archaea M. mazei Gö1. The FRET donor fluorophore 
position DA71C (blue sphere on subunit D in yellow) and the FRET acceptor fluorophore position FL87C (red sphere on subunit 
F in magenta) are highlighted. Subunits A and B are orange and green, respectively. B) Confocal microscope setup for smFRET 
using pulsed duty-cycle optimized alternating laser excitation with 488 nm and 635 nm. C) Time-resolved fluorescence decays 
for FRET donor Atto488 (blue decay) and acceptor Atto647N (green decay) upon excitation with 488 nm as well as acceptor 
decay following direct excitation with 635 nm (orange decay, pulse delayed by 14 ns). 
 
2. EXPERIMENTAL PROCEDURES 
 
2.1 Preparation of the FRET-labeled A3B3DF complex 
 
Cloning, expression, purification and labeling of cysteines in the M. mazei Gö1 A3B3DA71C complex and subunit FL87C was 
performed as described23. Labeled A3B3D complexes and subunit F were recombined by stoichiometric incubation at 1 µM 
for 30 min in buffer A (50 mM Tris, pH 7.5, 100 mM NaCl, 4 mM MgCl2) immediately before the smFRET experiments 
to yield the FRET-labeled A3B3DF complex at nanomolar concentrations. 
 
2.2 Custom-designed confocal microscope for smFRET 
 
Time-resolved smFRET measurements were performed on a custom-designed confocal microscope (Fig. 1B, Olympus IX 
71) equipped with a 60x water immersion objective (UPlanSApo, N.A. 1.2, Olympus). A ps-pulsed laser (PicoTA 490, 
Picoquant, Germany) excited the FRET donor Atto488 (ATTO-TEC, Germany) with 150 µW at 488 nm using a repetition 
rate of 40 MHz. A second pulsed laser diode (LDH 635B, Picoquant, Germany) was used for pulsed duty-cycle optimized 
alternating excitation24-31 of the FRET acceptor Atto647N (ATTO-TEC, Germany) with 30 µW at 635 nm. The pulse was 
delayed by 14 ns with respect to the preceding 488 nm pulse (Fig. 1C). A dual-band dichroic beam splitter (HC dual line 
488/633-638, AHF, Germany) blocked scattered light. Fluorescence passing a 150 µm pinhole was separated into two 
spectral channels by a dichroic beam splitter (zt 640 RDC, AHF, Germany). FRET donor fluorescence was detected 
between 500 and 570 nm using a band pass filter (ET 535/70M, AHF, Germany). FRET acceptor fluorescence was detected 
for wavelengths λ > 647 nm by a combination of two long pass filters (Edge Basic LP 635, Razor Edge LP 647 RU, AHF, 
Germany). Two single photon-counting avalanche photodiodes (SPCM-AQRH-14, Perkin-Elmer) were used for 
simultaneous spectrally-resolved FLIM32. Two out of four synchronized TCSPC cards (SPC 154, Becker&Hickl, 
Germany) recorded the photons8,9,28. The Burst_Analyzer software (Becker&Hickl, Germany) was used to visualize time-
resolved photon traces of single molecules, for selecting photon bursts based on intensity thresholds, and for calculating 
histograms of proximity factors and other photophysical properties. 
  
3. RESULTS 
3.1 Protein labelling 
 
The CTD of subunit F is enhancing ATP hydrolysis activity in the M. mazei Gö1 A3B3DF complex. It has been shown by 
NMR spectroscopy that the CTD of soluble subunit F is flexible and can exist in a retracted or extended form22. To 
investigate the conditions for a movement of subunit F we designed a smFRET experiment with a mutant A3B3D complex 
that carried two cysteines for fluorescence labeling23. The cysteine in subunit D (DA71C) was labeled with the FRET donor 
Atto488-maleimide and the cysteine in the CTD of subunit F (FL87C) was labeled with the FRET acceptor Atto647N-
maleimide. Labeling efficiencies of 72% and 100% were achieved for the FRET donor and acceptor on subunits D and F, 
respectively. 
 
3.2 Measuring smFRET with A3B3DF complexes in solution 
 
Cysteine positions were chosen for a distance of about 4 nm assuming the retracted conformation of subunit F in the 
A3B3DF complex. This distance matches the Förster radius R0 (5.1 nm according to the supplier Atto-Tec GmbH, for a 
50% energy transfer efficiency) of the FRET fluorophore pair Atto488-Atto647N including the short linkers. Accordingly 
this is the optimal distance for measuring small conformational changes of the CTD of subunit F by smFRET with the 
highest sensitivity.  
 
FRET-labeled A3B3DF complexes were obtained by stoichiometric mixing of Atto488-labeled A3B3D with Atto647N-
labeled subunit F at a final concentration of 1 µM each. A 50 µl droplet of a diluted nM protein solution was placed on a 
cover glass, and the alternating lasers were focused about 100 µm deep into the protein solution. When labeled proteins 
diffused through the detection volume photon bursts were generated. Photons were registered for 1000 s, and time traces 
were binned in 2 ms intervals. FRET-labeled A3B3DF complexes were identified in the time traces by an automated search. 
We applied intensity thresholds for a photon burst, i.e. minimum intensities for the FRET donor following pulsed excitation 
with 488 nm as well as for the FRET acceptor directly excited by the 635 nm pulses. In addition, the minimal photon burst 
length was set to 5 ms, i.e. ten times longer than the average diffusion time of a single fluorescent impurity in buffer. 
 
Fig. 2 shows different FRET efficiencies found in photon bursts from individual FRET-labeled A3B3DF complexes 
measured in the presence 1 mM Mg-ATP. The different relative intensities of FRET donor, ID, (Fig. 2, blue traces) and 
FRET acceptor, IA, (Fig. 2, green traces) upon excitation with 488 nm were used to calculate the simplified equivalent of 
a FRET efficiency, i.e. the proximity factor, P, for each time bin within a photon burst (Fig. 2, red traces), using equation 
(1): 
 
 P = IA / (ID + IA) (1) 
 
Both intensities were corrected for a background signal but not for spectral detection efficiencies nor the slightly different 
fluorescence quantum yields of Atto488 (fl ~ 0.8) and Atto647N (fl ~ 0.65). For each of the four photon bursts, the 
signal of the FRET acceptor following direct excitation with 635 nm was shown as the orange trace in Fig. 2A-D. In 
addition, the fluorescence lifetimes of the FRET donor together with monoexponential decay fit were plotted (Fig. 2E-H). 
While the proximity factor of the two photon bursts in Fig. 2A and 2B were very similar and around P = 0.5 ("high FRET"), 
the corresponding FRET donor fluorescence lifetimes were very different, i.e. either a long lifetime DA(h)long = 3.1 ns (Fig. 
2E) or a short lifetime DA(h)short = 1.1 ns (Fig. 2F). Similarly, the two photon bursts in Fig. 2C and 2D exhibited a similar 
mean low proximity factor P ~ 0.2 ("low FRET"), but the corresponding FRET donor fluorescence lifetimes were either 
long (DA(l)long = 3.3 ns, Fig. 2G) or short (DA(l)short = 1.9 ns, Fig. 2H). 
 
We also found photon bursts that yielded fluorescence solely from the FRET donor fluorophore, i.e. from protein 
complexes without a labeled subunit F, or with a bleached acceptor. Fig. 3A-C shows three typical "donor only" bursts 
(blue traces), where no acceptor signals (green and orange traces) were detected. Accordingly, the respective proximity 
factors were P = 0. For these "donor only" bursts we found distinct lifetimes upon monoexponential fitting: a long (D(long) 
= 3.9 ns, Fig. 3D), a medium (D(medium) = 2.4 ns, Fig. 3E), and a short (D(short) = 0.9 ns, Fig. 3F) lifetime. These 
varying lifetimes corroborated the different DA lifetimes found for FRET-labeled A3B3DF complexes with the same 
proximity factor. In contrast, for A3B3DF complexes without a FRET donor on subunit D (due to limited labeling efficiency 
  
or photobleaching) we observed photon burst that were characterized by fluorescence from the directly excited FRET 
acceptor only. 
 
 
 
Figure 2: A-D) Single photon bursts of double-labeled A3B3DF complexes in the presence of 1 mM Mg-ATP with the respective 
proximity factor P (top panels, red traces). Proximity factors were calculated for each 2 ms time bin from FRET donor intensities 
(blue traces) and FRET acceptor intensities (green traces) and classified as "high FRET" (A, B) or "low FRET" (C, D). FRET 
acceptor fluorophore intensities following direct excitation with 635 nm are shown as orange traces. E-H) Corresponding FRET 
donor lifetimes DA were fitted as monoexponential decays. 
 
For comparison we also measured photon bursts from individual FRET-labeled A3B3DF complexes in the absence of Mg-
ATP (buffer only) that exhibited a distribution of proximity factors with a peak between P = 0.4–0.75 ("high FRET"). We 
obtained the same result when the buffer contained 1 mM Mg-ADP or 1 mM Mg-AMPPNP, a non-hydrolysable Mg-ATP 
derivate. In the presence of 1 mM Mg-ATP we observed an additional second peak in the proximity factor distribution 
with P = 0.1–0.25 ("low FRET"), indicating an increase of the distance between donor and acceptor23 (see below). 
  
 
 
Figure 3: A-C) Single photon bursts of donor-labeled A3B3DF complexes without acceptor dye in the presence of 1 mM Mg-
ATP with the respective proximity factor P (top panels, red traces). Proximity factors were calculated for each 2 ms time bin 
from FRET donor intensities (blue traces) and FRET acceptor intensities (green traces). FRET acceptor fluorophore intensities 
following direct excitation with 635 nm were shown as orange traces. D-F) Corresponding "donor only" lifetimes, D, were 
fitted as monoexponential decays. 
 
3.3 Single-molecule fluorescence lifetime measurements 
 
We analyzed the FRET donor lifetimes of a sub-set of photon bursts for complexes with a FRET acceptor fluorophore 
attached (and in the presence of 1 mM Mg-ATP) that exhibited a minimal burst length of 8 ms and a maximum standard 
deviation for the proximity factor within the burst of 0.12. Thereby, more than 80% of all photon bursts were omitted from 
the combined FRET donor lifetime analysis. The remaining bursts were sorted according to the proximity factor into two 
categories, i.e. for P = 0.1-0.25 ("low FRET") or for P = 0.4–0.75 ("high FRET"). As shown in Fig. 4 adding all photons 
of bursts of one category resulted in lifetime histograms that had to be fitted by a double-exponential decay, i.e. for "high 
  
FRET",(h), as well as for "low FRET",(l). The average short and long lifetimes were (h)short = 0.6 ± 0.02 ns and (h)long 
= 3.9 ± 0.09 ns for "high FRET" photon bursts (Fig. 4A), or (l)short = 0.5 ± 0.02 ns and (l)long = 3.9 ± 0.07 ns for "low 
FRET" photon bursts (Fig. 4B), respectively. 
 
The lifetime histograms were compared to those lifetimes of complexes with "donor only" fluorescence (Fig. 4C). These 
photon burst were selected from molecules that showed a strong FRET donor fluorophore intensity with at least 50 photons 
on average, but no acceptor signal, i.e. less than 6 photons on average in the acceptor channel. We found distinct short or 
long fluorescence lifetimes D) for these "donor only" bursts, which we used to determine D)short = 0.7 ± 0.02 ns and 
D)long = 4.2 ± 0.07 ns, respectively. The long lifetime corresponded to the published lifetime of the fluorophore Atto488 
in solution ( = 4.1 ns, according to the supplier Atto-Tec GmbH). In addition, we calculated the fluorescence lifetime of 
the FRET acceptor fluorophore by direct excitation with 635 nm (Fig. 3D), i.e. from photon bursts of both "low FRET" 
and "high FRET" proximity factor. The monoexponential decay fit yielded (A) = 3.6 ± 0.06 ns, which was the similar to 
the published fluorescence lifetime of the fluorophore Atto647N in solution ( = 3.5 ns, Atto-Tec GmbH). 
 
 
 
Figure 4: Combined normalized fluorescence lifetime decays from single photon bursts of the FRET-labeled A3B3DF complex 
and double-exponential decay fittings. Combined decays resulted from A) photons from 42 bursts that were classified as "high 
FRET", B) photons from 58 bursts classified as "low FRET", C) photons from 40 burst classified as "donor only", and D) 
photons from 49 bursts upon direct excitation of the acceptor fluorophore. 
 
3.4 2D-distributions of mean intensities versus proximity factor 
 
Both single burst-integrated lifetimes as well as the combined fluorescence lifetime analysis showed that the local protein 
environment for Atto488 at subunit D caused a partial fluorescence quenching. However, to ensure that the observed 
additional "low FRET" population of A3B3DF complexes in the presence of Mg-ATP is due to an induced conformational 
change of the CTD of subunit F, we also evaluated the possibility of partial FRET acceptor quenching. We assumed that a 
possible Mg-ATP quenching of the FRET acceptor could result in an apparent low FRET efficiency according to equation 
(1). 
 
To validate or disprove this hypothesis we plotted the mean intensity of the FRET donor and FRET acceptor versus the 
mean proximity factor of the photon burst (Fig. 5). In general, the mean intensity of the FRET donor should decrease 
linearly with increasing P according to equation (1) for an undisturbed FRET relation. Vice versa, the mean intensity of 
the FRET acceptor should increase linearly with increasing P. In the presence of 1 mM Mg-ATP (Fig. 5A,E), or 1 mM 
Mg-ADP (Fig. 5C,G), or 1 mM AMPPNP (Fig. 5D,I), as well as in the absence of nucleotides (Fig. 5B,F), no obvious 
deviation from these linear relations were observed. For all biochemical conditions the mean FRET donor intensities for 
the lower limit of P = 0 were identical and approached 13 to 17 counts per ms, and the mean FRET acceptor intensities for 
the upper limit of P = 1 were almost identical and approached 12 to 17 counts per ms as well. 
 
  
 
  
Figure 5: A-D) Mean intensities of FRET donor versus the mean proximity factor of a photon burst in the presence of 1 mM 
Mg-ATP, without nucleotides (buffer), 1 mM Mg-ADP, or 1 mM Mg-AMPPNP, respectively. E-H) Mean intensities of FRET 
acceptor versus the mean proximity factor of a photon burst in the presence of 1 mM Mg-ATP, without nucleotides (buffer), 
1 mM Mg-ADP, or 1 mM Mg-AMPPNP, respectively. Black lines represent linear fittings with offsets set to 0 at P = 1 for the 
FRET donor or 0 at P = 0 for the FRET acceptor. I-L) Mean intensities of directly excited FRET acceptor versus mean proximity 
factor of a photon burst in the presence of 1 mM Mg-ATP, without nucleotides (buffer), 1 mM Mg-ADP, or 1 mM Mg-
AMPPNP, respectively. Dashed lines represent fittings with slopes set to 0. 
 
The mean FRET acceptor intensities following direct excitation of these FRET-labeled A3B3DF complexes (Fig. 5I-L) 
were slightly higher in the presence of Mg-AMPPNP, potentially caused by a higher background. However, no deviation 
of the mean FRET acceptor intensities were found for the "low FRET" population with 0.1 < P < 0.25 in the presence of 
Mg-ATP. Therefore, we concluded that FRET acceptor quenching can be excluded as the cause for the "low FRET" 
population in the presence of Mg-ATP. 
 
Fig. 6A-D shows the histograms of proximity factors for all four biochemical conditions. All four histograms show a peak 
with a high proximity factor between 0.3 and 0.75. Only in the presence of 1 mM Mg-ATP an additional peak appeared 
with a low proximity factors between 0.1 and 0.3, while at the same time the population of bursts with the high proximity 
factor was decreased. This is in line with the interpretation found previously that subunit F is in an extended conformation 
in the presence of Mg-ATP, i.e. when the enzyme is actively hydrolyzing ATP23. 
 
 
 
Figure 6: A-D) Proximity factors of FRET labeled A3B3DF complexes in the presence of 1 mM Mg-ATP, without nucleotides 
(buffer), 1 mM Mg-ADP, or 1 mM Mg-AMPPNP, respectively. E-G) 2D-distributions of stoichiometry factor S versus the 
proximity factor P of FRET labeled A3B3DF complexes in the presence of 1 mM Mg-ATP, without nucleotides (buffer), 1 mM 
Mg-ADP, or 1 mM Mg-AMPPNP, respectively. 
 
3.5 Probing fluorophore quenching by the stoichiometry factor 
 
An alternative approach to validate distance changes measured by smFRET or to identify deviations caused by fluorescence 
quenching is the stoichiometry factor plot33, 34. For our smFRET analysis control a simplified stoichiometry factor S, 
omitting all corrections (i.e. for spectral detection efficiencies, quantum yields, cross-talk or photon leakage of donor 
fluorescence into the acceptor channel, and vice versa) except for background-correction, was used and defined as 
  
 
 S = (ID + IA) / (ID + IA + IA,direct) (2) 
 
with ID, FRET donor intensity by excitation with the 488 nm laser, IA, FRET acceptor intensity by excitation with the 488 
nm laser, and IA,direct, FRET acceptor intensity by direct excitation with the 635 nm laser. 
 
Fig. 6E-H shows the two-dimensional distributions of stoichiometry factor S versus the proximity factor P in the presence 
or absence of nucleotides. For all four biochemical conditions the stoichiometry factor values varied between 0.4 and 0.9. 
However, no evidence was found for specific quenching of the FRET acceptor fluorophore in the presence of Mg-ATP 
that would have caused a strong shift of stoichiometry factors to higher values for the "low FRET" population. Instead, the 
few photon bursts with low P values found in the absence of Mg-ATP (Fig. 6F-H) showed the same S values as the "low 
FRET" photon bursts in the presence of Mg-ATP (Fig. 6E).  
 
4. DISCUSSION 
 
The CTD of subunit F of A1AO-ATP synthase is enhancing ATP hydrolysis activity in the M. mazei Gö1 A3B3DF complex. 
As the catalytic nucleotide binding side is formed at the interface of subunits A and B, the CTD of subunit F has to extend 
into the A1 headpiece to induce this effect. It has been shown by NMR spectroscopy that the flexible CTD of soluble 
subunit F can exist in a retracted or extended form22. However, it remains unknown what causes the structural changes. 
We have developed a smFRET experiment to monitor the CTD movements of subunit F in the A3B3DF complex in real 
time by attaching the FRET donor to subunit D and the FRET acceptor to subunit F. Analysis of the FRET efficiency 
histograms based on fluorescence intensities revealed an additional "low FRET" population in the presence of Mg-ATP, 
but not with Mg-ADP nor Mg-AMPPNP, or with buffer only (Fig. 6E-H). This was interpreted as an indication for an 
extended conformation of the CTD of subunit F in the presence of Mg-ATP23. 
 
Here, we aimed at confirming these smFRET results by analyzing the simultaneously recorded fluorescence lifetime data 
of single A3B3DF complexes. FRET efficiency EFRET is either calculated from the corrected FRET donor and acceptor 
intensities as given in equation (1), or from the FRET donor lifetime in the presence of the FRET acceptor fluorophore, 
DA, and the undisturbed FRET donor lifetime in the absence of a FRET acceptor fluorophore, D, as follows: 
 
 EFRET = 1 - (DA / D) ~ P (3) 
 
Accordingly, a proximity factor P = 0.5 corresponds to a lifetime ratio (DA / D) = 0.5, and a proximity factor P = 0.2 
corresponds to a lifetime ratio (DA / D) = 0.8. Given a FRET donor lifetime D = 4.1 ns for Atto488 in solution in the 
absence of any FRET acceptor fluorophore we expected to find FRET donor lifetimes for the FRET-labeled A3B3DF 
complexes for the "high FRET" population with 0.4 < P < 0.75 in the range of (0.6 * 4.1 ns) > DA > (0.25 * 4.1 ns), i.e. 
between a maximum of 2.5 ns and a minimum of 1 ns. For the "low FRET" population with P ~ 0.2 we expected a 
corresponding lifetime DA ~ 3.3 ns. However, in A3B3DF complexes exhibiting only the FRET donor fluorescence we 
found a double exponential decay for the combined photons from all bursts with short and long lifetime components of 0.7 
ns and 4.2 ns, respectively. This was unexpected because the donor fluorescence lifetime should exhibit a single mono-
exponential decay with a lifetime comparable to Atto488 in solution (i.e. 4.1 ns). The long lifetime component of the 
A3B3DF complexes was in good agreement with this lifetime. In contrast, the short lifetime component represented an 
unknown population of the dye that was affected or quenched by the local protein environment. As a result, the FRET 
donor lifetimes for FRET-labeled A3B3DF complexes classified as "low FRET" or as "high FRET", respectively, did not 
show lifetimes that could be fitted by monoexponential decays. Instead, double-exponential fits were required, and neither 
the expected donor lifetime for the "low FRET" nor for the "high FRET" population was found. For each population of 
similar "low FRET" or "high FRET" A3B3DF complexes the individual single-molecule lifetimes ranged from 1.1 ns to 3.2 
ns. We conclude that for our smFRET experiments the donor fluorescence lifetime cannot be used as an independent 
measure and independent control of the intensity-derived FRET efficiency. In contrast, for the acceptor fluorophore excited 
directly we observed a mono-exponential decay with a lifetime of 3.7 ns. This was in very good agreement with the 
published fluorescence lifetime of Atto647N in solution (3.6 ns). We conclude that the FRET acceptor fluorescence on 
subunit F was not disturbed by the local protein environment. 
 
  
The linear relations of mean FRET donor intensity versus proximity factor, or of mean FRET acceptor intensity versus 
proximity factor, respectively, confirmed that the "low FRET" population of A3B3DF complexes in the presence of 
Mg-ATP was not a result of a specific quenching of the FRET acceptor fluorophore by Mg-ATP. Additionally, the 
stoichiometry factor versus proximity factor plots did not indicate any obvious quenching of the FRET acceptor 
fluorophore by Mg-ATP. 
 
The number of photons used for calculating FRET donor lifetimes and the proximity factor P in each A3B3DF complex 
was limited due to Brownian motion of the freely diffusing proteins and resulted in large standard deviations for P. Mean 
transit times through the confocal detection volume were in the range of a few ms. In order to extend observation times 
and photon counts of single proteins, DNA molecules or nanoparticles in solution, A E Cohen and W E Moerner have 
invented a microfluidic device called the Anti-Brownian electrokinetic trap, ABELtrap35-38. The ABELtrap confines 
diffusion in two dimensions and uses a fluorescence-based localization of the single molecule within the trap region for a 
fast feedback to four electrodes that continuously pushes the molecule back to the center of the trap. Analyzing the applied 
voltages allows to extract diffusion and charge properties of the molecule37, 39-41. The soluble F1 complex of the E. coli 
F1FO-ATP synthase was studied in the ABELtrap to monitor the regulatory conformational changes of the  subunit by 
smFRET42. Observation times were extended by a factor of 100 in the ABEL trap compared to freely diffusing F1 
complexes1,43, and proximity factors could be analyzed not only to obtain a mean P value but to identify intensity-based 
FRET fluctuations with a single photon burst. Holding single molecules in the ABELtrap results in large numbers of 
recorded photons. Using pulsed excitation allows to determine single-molecule fluorescence lifetimes with very high 
precision and to reconstruct lifetime fluctuations of a trapped single molecule38,44-46. Future measurements of 
conformational changes in FRET-labeled A3B3DF complexes or in reconstituted enzymes in liposomes47-49 will benefit 
from the extended observation times in an ABELtrap and by avoiding artefacts induced by surface immobilization 
techniques. 
 
Summarizing the refined smFRET data analysis presented here, we are convinced that the time-resolved fluorescence 
lifetime measurements of the FRET-labeled A3B3DF complexes provided valuable controls for the intensity-based 
observation of a conformational change of the CTD of subunit F in the presence of Mg-ATP. However, the multi-
exponential FRET donor lifetime decay in the absence of a FRET acceptor (as well as in the presence) prevents a 
straightforward calculation of the intramolecular distance between the two FRET fluorophores in A3B3DF complexes based 
on FRET theory. As a consequence we expect deviations and strong fluctuations for the mean fluorescence quantum yield 
of the FRET donor fluorophore bound to subunit D. Because we have not measured single-molecule spectra for both FRET 
fluorophores attached to the respective A3B3DF subunits, a quantitative distance calculation is not possible. Nevertheless, 
the changes in FRET efficiency upon addition of Mg-ATP can be explained most likely by an increase in the relative 
distance, i.e. our smFRET data are strongly supporting the concept of an extended CTD conformation of subunit F in the 
active enzyme. 
 
ACKNOWLEDGEMENTS 
 
The authors thank all members of our research groups who supported various aspects of this work. Financial support by 
the German Research Foundation (DFG grants BO-1891/10-2 and BO-1891/15-1 to M.B.) and by the Ministry of Health, 
Singapore (NMRC, CBRG12nov049 to G.G.) is gratefully acknowledged. D.S. received a research scholarship from the 
Ministry of Education, Singapore. 
 
REFERENCES 
 
[1] Börsch, M., Diez, M., Zimmermann, B., Reuter, R. and Gräber, P., "Stepwise rotation of the gamma-subunit of EFOF1-ATP 
synthase observed by intramolecular single-molecule fluorescence resonance energy transfer," FEBS Letters 527, 147-152 (2002). 
[2] Börsch, M., Diez, M., Zimmermann, B., Trost, M., Steigmiller, S. and Gräber, P., "Stepwise rotation of the gamma-subunit of E 
FOF1-ATP synthase during ATP synthesis: a single-molecule FRET approach," Proc. SPIE 4962, 11-21 (2003). 
[3] Diez, M., Zimmermann, B., Börsch, M., Konig, M., Schweinberger, E., Steigmiller, S., Reuter, R., Felekyan, S., Kudryavtsev, V., 
Seidel, C. A. and Gräber, P., "Proton-powered subunit rotation in single membrane-bound FOF1-ATP synthase," Nature Struc. & 
Mol. Biol. 11, 135-141 (2004). 
[4] Zimmermann, B., Diez, M., Zarrabi, N., Gräber, P. and Börsch, M., "Movements of the epsilon-subunit during catalysis and 
activation in single membrane-bound H(+)-ATP synthase," Embo J 24, 2053-2063 (2005). 
  
[5] Zarrabi, N., Zimmermann, B., Diez, M., Gräber, P., Wrachtrup, J. and Börsch, M., "Asymmetry of rotational catalysis of single 
membrane-bound FOF1-ATP synthase," Proc. SPIE 5699, 175-188 (2005). 
[6] Düser, M. G., Bi, Y., Zarrabi, N., Dunn, S. D. and Börsch, M., "The proton-translocating a subunit of FOF1-ATP synthase is 
allocated asymmetrically to the peripheral stalk," J. Biol. Chem. 283, 33602-33610 (2008). 
[7] Düser, M. G., Zarrabi, N., Cipriano, D. J., Ernst, S., Glick, G. D., Dunn, S. D. and Börsch, M., "36 degrees step size of proton-
driven c-ring rotation in FOF1-ATP synthase," Embo J 28, 2689-2696 (2009). 
[8] Ernst, S., Düser, M. G., Zarrabi, N. and Börsch, M., "Three-color Förster resonance energy transfer within single FOF1-ATP 
synthases: monitoring elastic deformations of the rotary double motor in real time," J. biomed. opt. 17, 011004 (2012). 
[9] Ernst, S., Düser, M. G., Zarrabi, N., Dunn, S. D. and Börsch, M., "Elastic deformations of the rotary double motor of single FOF1-
ATP synthases detected in real time by Förster resonance energy transfer," Biochim. Biophys. Acta - Bioenergetics 1817, 1722-
1731 (2012). 
[10] Steigmiller, S., Zimmermann, B., Diez, M., Börsch, M. and Gräber, P., "Binding of single nucleotides to H+-ATP synthases 
observed by fluorescence resonance energy transfer," Bioelectrochemistry 63, 79-85 (2004). 
[11] Sielaff, H. and Börsch, M., "Twisting and subunit rotation in single FOF1-ATP synthase," Phil. Trans. R. Soc. B 368, 20120024 
(2013). 
[12] Förster, T., "Energiewanderung und Fluoreszenz," Naturwissenschaften 33, 166-175 (1946). 
[13] Förster, T., "Zwischenmolekulare Energiewanderung und Fluoreszenz," Annalen der Physik 2, 55-75 (1948). 
[14] Förster, T., "Energy migration and fluorescence," J. biomed. opt. 17, 011002 (2012). 
[15] Müller, V. and Grüber, G., "ATP synthases: structure, function and evolution of unique energy converters," Cell. Mol. Life Sci. 
60, 474-494 (2003). 
[16] Grüber, G., Manimekalai, M. S., Mayer, F. and Müller, V., "ATP synthases from archaea: the beauty of a molecular motor," 
Biophys. Acta - Bioenergetics 1837, 940-952 (2014). 
[17] Coskun, Ü., Radermacher, M., Müller, V., Ruiz, T. and Grüber, G., "Three-dimensional organization of the archaeal A1-ATPase 
from Methanosarcina mazei Gö1," J. Biol. Chem. 279, 22759-22764 (2004). 
[18] Vonck, J., Pisa, K. Y., Morgner, N., Brutschy, B. and Müller, V., "Three-dimensional structure of A1AO ATP synthase from the 
hyperthermophilic archaeon Pyrococcus furiosus by electron microscopy," J. Biol. Chem. 284, 10110-10119 (2009). 
[19] Lemker, T., Grüber, G., Schmid, R. and Müller, V., "Defined subcomplexes of the A1 ATPase from the archaeon Methanosarcina 
mazei Gö1: biochemical properties and redox regulation," FEBS Letters 544, 206-209 (2003). 
[20] Sielaff, H., Martin, J., Singh, D., Biukovic, G., Grüber, G. and Frasch, W. D., "Power stroke angular velocity profiles of archaeal 
A-ATP synthase versus thermophilic and mesophilic F-ATP Synthase molecular motors," J. Biol. Chem. 291, 25351-25363 
(2016). 
[21] Singh, D., Sielaff, H., Sundararaman, L., Bhushan, S. and Grüber, G., "The stimulating role of subunit F in ATPase activity inside 
the A1-complex of the Methanosarcina mazei Gö1 A1AO ATP synthase," Biophys. Acta - Bioenergetics 1857, 177-187 (2016). 
[22] Gayen, S., Vivekanandan, S., Biuković, G., Grüber, G. and Yoon, H. S., "NMR solution structure of subunit F of the methanogenic 
A1AO adenosine triphosphate synthase and its interaction with the nucleotide-binding subunit B," Biochemistry 46, 11684-11694 
(2007). 
[23] Singh, D., Sielaff, H., Börsch, M. and Grüber, G., "Conformational dynamics of the rotary subunit F in the A3B3DF-complex of 
Methanosarcina mazei Gӧ1 A-ATP synthase monitored by single-molecule FRET," FEBS Letters 591, 854-862 (2017). 
[24] Zarrabi, N., Düser, M. G., Ernst, S., Reuter, R., Glick, G. D., Dunn, S. D., Wrachtrup, J. and Börsch, M., "Monitoring the rotary 
motors of single FOF1-ATP synthase by synchronized multi channel TCSPC," Proc. SPIE 6771, 67710F (2007). 
[25] Zarrabi, N., Düser, M. G., Reuter, R., Dunn, S. D., Wrachtrup, J. and Börsch, M., "Detecting substeps in the rotary motors of FOF1-
ATP synthase by Hidden Markov Models," Proc. SPIE 6444, 64440E (2007). 
[26] Zarrabi, N., Ernst, S., Düser, M. G., Golovina-Leiker, A., Becker, W., Erdmann, R., Dunn, S. D. and Börsch, M., "Simultaneous 
monitoring of the two coupled motors of a single FOF1-ATP synthase by three-color FRET using duty cycle-optimized triple-
ALEX," Proc. SPIE 7185, 718505 (2009). 
[27] Zarrabi, N., Heitkamp, T., Greie, J.-C. and Börsch, M., "Monitoring the conformational dynamics of a single potassium transporter 
by ALEX-FRET," Proc. SPIE 6862, 68620M (2008). 
[28] Ernst, S., Düser, M. G., Zarrabi, N. and Börsch, M., "Monitoring transient elastic energy storage within the rotary motors of single 
FOF1-ATP synthase by DCO-ALEX FRET," Proc. SPIE 8226, 82260I (2012). 
[29] Zarrabi, N., Ernst, S., Verhalen, B., Wilkens, S. and Börsch, M., "Analyzing conformational dynamics of single P-glycoprotein 
transporters by Förster resonance energy transfer using hidden Markov models," Methods 66, 168-179 (2014). 
[30] Börsch, M., "Unraveling the rotary motors in FOF1-ATP synthase by single-molecule FRET," in Advanced Time-Correlated Single 
Photon Counting Applications Becker, W., Ed., pp. 309-338, Springer (2015). 
[31] Kapanidis, A. N., Laurence, T. A., Lee, N. K., Margeat, E., Kong, X. and Weiss, S., "Alternating-laser excitation of single 
molecules," Acc. Chem. Res. 38, 523-533 (2005). 
[32] Ernst, S., Batisse, C., Zarrabi, N., Böttcher, B. and Börsch, M., "Regulatory assembly of the vacuolar proton pump VOV1-ATPase 
in yeast cells by FLIM-FRET," Proc. SPIE 7569, 75690W (2010). 
  
[33] Kapanidis, A. N., Lee, N. K., Laurence, T. A., Doose, S., Margeat, E. and Weiss, S., "Fluorescence-aided molecule sorting: 
Analysis of structure and interactions by alternating-laser excitation of single molecules," Proc. Natl. Aac. Sci. U. S. A. 101, 8936-
8941 (2004). 
[34] Lee, N. K., Kapanidis, A. N., Wang, Y., Michalet, X., Mukhopadhyay, J., Ebright, R. H. and Weiss, S., "Accurate FRET 
measurements within single diffusing biomolecules using alternating-laser excitation," Biophys. J. 88, 2939-2953 (2005). 
[35] Cohen, A. E. and Moerner, W. E., “Method for trapping and manipulating nanoscale objects in solution,” Appl. Phys. Lett. 86, 
093109 (2005). 
[36] Cohen, A. E. and Moerner, W. E., “Controlling brownian motion of single protein molecules and single fluorophores in aqueous 
buffer,” Opt Express 16, 6941–56 (2008). 
[37] Fields, A. P. and Cohen, A. E., “Electrokinetic trapping at the one nanometer limit,” Proc Natl Acad Sci U S A 108, 8937–42 
(2011). 
[38] Wang, Q. and Moerner, W. E., “Single-molecule motions enable direct visualization of biomolecular interactions in solution,” Nat 
Methods 11, 555–8 (2014). 
[39] Wang, Q. and Moerner, W. E., “An adaptive anti-brownian electrokinetic trap with real-time information on single-molecule 
diffusivity and mobility,” ACS Nano 5, 5792–9 (2011). 
[40] Dienerowitz, M., Dienerowitz, F. and Börsch, M., “Measuring nanoparticle diffusion in an ABELtrap”, J. Opt., in press 
https://doi.org/10.1088/2040-8986/aaa6fc 
[41] Kayci, M., Chang, H.-C., and Radenovic, A., “Electron spin resonance of nitrogen-vacancy defects embedded in single 
nanodiamonds in an ABEL trap,” Nano letters 14, 5335–5341 (2014). 
[42] Bockenhauer, S. D., Duncan, T. M., Moerner, W. E., and Börsch, M., “The regulatory switch of F1-ATPase studied by single-
molecule FRET in the ABEL trap,” Proc. SPIE 8950, 89500H (2014). 
[43] Börsch, M. and Duncan, T. M., “Spotlighting motors and controls of single FoF1-ATP synthase,” Biochem Soc Trans 41, 1219–
26 (2013). 
[44] Schlau-Cohen, G. S., Wang, Q., Southall, J., Cogdell, R. J., and Moerner, W. E., “Single-molecule spectroscopy reveals 
photosynthetic LH2 complexes switch between emissive states,” Proc Natl Acad Sci U S A 110(27), 10899–903 (2013). 
[45] Wang, Q. and Moerner W. E., “Lifetime and spectrally resolved characterization of the photodynamics of single fluorophores in 
solution using the anti-Brownian electrokinetic trap”, J Phys Chem B 117, 4641–48 (2013). 
[46] Squires, A. H. and Moerner W. E., “Direct single-molecule measurements of phycocyanobilin photophysics in monomeric C-
phycocyanin”, Proc Natl Acad Sci U S A 114, 9779-84 (2017). 
[47] Su, B., Düser, M., Zarrabi, N., Heitkamp, T., Starke, I., and Börsch, M., “Observing conformations of single FoF1-ATP synthases 
in a fast anti-brownian electrokinetic trap,” Proc. SPIE 9329, 93290A (2015). 
[48] Dienerowitz, M., Ilchenko, M., Su, B., Deckers-Hebestreit, G., Mayer, G., Henkel, T., Heitkamp, T., and Börsch, M., “Optimized 
green fluorescent protein fused to FoF1-ATP synthase for single-molecule FRET using a fast anti-brownian electrokinetic trap,” 
Proc. SPIE 9714, 971402 (2016). 
[49] Dienerowitz, M., Heitkamp, T., Gottschall, T., Limpert, J. and Börsch M., “Confining Brownian motion of single nanoparticles in 
an ABELtrap”, Proc. SPIE 10120, 1012017 (2017). 
